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Abstract —In this work, metamaterial patterns are applied to a 
GTEM – Gigahertz Transverse Electromagnetic Chamber to 
improve and give flexibility to its frequency response. The main 
goal is to achieve a better frequency resonance regardless the 
dimensions of the original chamber. Therefore, a comparison 
between the CLL – Capacitively Loaded Loop and Fractal 
metamaterial technology for these purposes, is done. 
Experimental results are compared to the simulated ones. 
Index Terms — metamaterial, CLL, Fractal, GTEM, EMC. 
I. INTRODUCTION 
   The concept of the metamaterial technology was 
approached in the late 90's with a work about macroscopic 
composites with synthetic and periodic cellular architecture. 
However, the first attempt to explore the concept of 
“artificial” materials was in 1898 with Jagadis Chunder Bose 
by his experiment about twisted structures [1]. Later, in 1914, 
the work about artificial chiral media was done by Lindman 
[2]. After these, in the past 20 years, the interest on 
metamaterial technology had strong increased, with 
researches on superlens and telecommunication environment, 
including transmission lines and antennas applications [3], 
and now to improve the performance of microwave devices 
for electromagnetic compatibility [4]. 
   Actually, metamaterial is a macroscopic composite of 
periodic or non-periodic structure, whose function is due to 
both the cellular architecture and the chemical composition 
[5]. Therefore, the behavior of a material, in the presence of 
an electric field, is determined by the macroscopic 
parameters, permittivity ε and permeability µ. In Fig. 1 is 
shown the materials classification based on the constitutive 
parameters. 
   In this context, to improve a performance of the GTEM 
chamber designed in [6], in terms of frequency response or to 
tune the chamber in a frequency range of interest, in order to 
obtain more realistic results, the metamaterial cells were 
applied to the internal conductor. The basic structures are 
composed by the RR – Ring Resonator or CLL – 
Capacitively Loaded Loop, and fractal cells. The current 
surface distribution of the three applied structures can be seen 
in Fig. 1. Moreover, periodic structures as Ring Slot 
Resonators can be considered as reconfigurable antennas 
when properly arranged [5]. It is important to emphasize that 
when the metamaterials standards are applied in metals or 
metallic structures, the cells are not additive layers, as when 
applied in dielectric materials. In this case, the metamaterial 
cells are holes printed on the metallic layer.  
 
 
 
 
Fig. 1. Isotropic materials classification. 
 
 
      Basically, a GTEM chamber used for EMC tests of 
electronic devices or systems has a thin metallic baffle called 
septum (internal conductor) to conduct the radiation over the 
DUT – device under test. Similar to a rectangular coaxial 
transmission line with outer conductors closed and joined 
together, the GTEM cell has tapered ends acting as transitions 
to adapt it to standard 50 Ω coaxial connectors [7]. The 
central conductor of the cell provides electromagnetic 
propagation in TEM mode. Therefore, the electromagnetic 
field is uniform only within a certain region of the chamber, 
normally in its middle, where the DUT should be located.  
   In this work, different metamaterial patterns as fractal cells, 
and CLL cells, are applied to the septum of the GTEM 
chamber in order to obtain a better tuning at a desired 
frequency. The basic cells consist of a ring resonator – RR 
(Ring Resonator) or CLL (Capacitively Loaded Loop) in 
SRR (Split Ring resonator) or CSRR (Complementary Split 
Ring Resonator) configuration topologies. They are oriented 
according to the wave direction, i.e. from the DUT to the 
measuring port or from the exciter side – APEX to the DUT. 
Simulated and experimental results are compared to 
demonstrate the potential of this new approach.   
 
II. GTEM FOR EMI/EMS TEST 
   The origin of the Gigahertz Transverse Electromagnetic 
chamber (GTEM) was based on the transverse 
electromagnetic chamber (TEM) which is basically a planar 
expanded transmission line operating in the TEM mode to 
simulate a free space planar wave [8]. This expanded 
waveguide with a flat and wide center conductor and coated 
by hybrid termination, which involves 50 Ω current 
termination and RF absorbers, is commonly used in analyses 
of devices that are physically small and compacts, especially 
electronic components, including antennas and mobile 
phones. 
   At low frequencies only the TEM mode propagates on the 
chamber. However, with the increase of the operational 
frequency, the TE and TM modes can be excited inside the 
chamber. The maximum frequency is calculated from the first 
lower resonant of the higher modes, which depends on the 
size and shape of the chamber.  
   The excitation section – APEX is the transition from the 50 
Ω coaxial cable to the rectangular transmission line. It takes 
about 10% of the overall length of the cell with a front panel 
large enough to mount a N connector. To avoid reflections, 
the match between the connector and the center conductor 
should be carefully projected and implemented. 
   The use of GTEM cells for emission test consists in the 
evaluation of the power magnitude that propagates on the 
TEM mode from the DUT, although the correct position of 
this power is unknown. Because it is a qualitative analysis, 
the study is done from the signal level along the frequency 
range. In this analysis, a spectrum analyzer is connected to 
the APEX of the chamber, so all the radiated signal emitted 
from the DUT can be monitored, Fig. 3. The device under test 
can be wireless or not, so that the power supply and control 
cables are connected to the DUT through a special shielded 
via with high frequency filters. As the GTEM works as a 
transmitter and a sensor, the use of antennas is not needed to 
measure the field strength from the DUT, which are captured 
by the septum. Therefore, the good accuracy is guarantee 
when the physical dimensions of the DUT are in accordance 
with the dimensions of the GTEM’s test area. In Fig. 2 is 
shown the GTEM modeled on the simulator, while in Figs. 3 
and 4 is shown the setup test for measurements done along 
this work. 
 
 
Fig. 2. GTEM chamber on the CST simulator. 
 
 
 
Fig. 3. EMC Compliance setup test using a GTEM chamber. 
 
 
 
Fig. 4. Test bench using a GTEM chamber. 
III. METAMATERIALS  CELLS 
   CLL cells – Capacitively Load Loop 
 
   Several metamaterial structures have been investigated 
along the last years. In particular, ones that are capable to 
provide artificial magnetic responses and electric walls. The 
CLL cells, proposed by Erentok et al. in [9], allow the 
creation of either an artificial magnetic conductor – AMC, as 
an artificial electric conductor – AEC. The main goal is the 
improving of the electric and magnetic fields. 
   In particular, considering a plane wave scattering focusing 
on a cell structure with a thickness d, wave impedance η and 
wave number k, the reflection coefficient S11 and 
transmission S21 can be found by the following expressions: 
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   The artificial magnetic conductors can be obtained when a 
plane wave focus on the capacitive gap, while the artificial 
electric conductor is obtained through the opposite way. This 
relation can be seen in Fig. 5. 
   The CLL cells design was initially based on the Drude-
Lorentz model. From its methodology and exhaustive 
simulations, some rules of design were obtained for each 
application. Therefore, the calculation of the complex 
components of permeability and permittivity as function of 
the geometric characteristics of the CLL cells and the 
resonance frequency is given by: 
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Where the form factor related to the structure geometry given 
by:  
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and the damping factor: 
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   Taking into account the model adaptation, considering that 
in the dielectric substrates the metamaterial structures is 
grown, in metallic substrates, apertures are used to implement 
the artificial effect. For this reason, the AMC configuration 
was adopted. The relationship between the CLL cells 
implemented on the metallic baffle is shown in Fig. 8. 
  From the cells dimensions (3 mm x 3 mm), is expected a 
resonance around 10 GHz. As a rule of thumb, for the first 
design approximation the dimensions of the CLL cells can be 
obtained by the following expressions presented in [4]. 
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Where L is edge of the cell, λ0 the wave length at the desired 
frequency, δ the aperture of the cell and l the line width. The 
designed structure is shown in Fig. 9. 
 
 
 
 
Fig. 5. CLL metamaterial cell with the RLC parameters conception. 
 
 
   In Figs. 6 and 7 the permeability and permittivity complex 
responses are shown as a function of the frequency. 
 
 
Fig. 6. Magnetic permeability in the complex form as a function of the 
frequency. 
 
 
   After exhaustive simulations, a conclusion was reached that the 
cells should be arranged in such way that the period (distance 
between cells) is set as two or three cells dimensions. In this 
paper, two cells distance were set. The CLL cells array 
applied to the internal conductor of the GTEM cell is shown 
in Fig. 10, and the surface current distribution is shown in 
Fig. 11. 
   The experimental analysis of return loss was done through 
the HP 8714ET RF Network Analyzer. To print the CLL cells 
on the cooper foil the etching process was used. Due the 
equipments limitation, the return loss was measured form 500 
MHz to 3 GHz, as can be seen in Fig. 12. At this first 
analysis, the measurements were done without an appropriate 
current termination, so that the influence of the metamaterial 
structures becomes clearer. In spite of the cells were designed 
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to show a best response in 10 GHz, is possible to observe the 
influence of the cells also in lower frequencies. 
 
 
Fig. 7. Electric permittivity in the complex form as a function of the 
frequency. 
 
 
 
Fig. 8. The capacitive behavior conception provided by the CLL cells. 
 
 
 Fig. 9. Unitary CLL cell and its dimensions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. CLL cells printed on the septum. 
 
 
Fig. 11. Surface Current distribution of an unitary CLL cell. 
 
 
Fig. 12. Experimental S11-parameter comparison between septum with and 
without CLL structures. 
 
A. Fractal cells 
   The photonic metamaterial patterns [3] to incorporate on 
the GTEM septum was done through 4-level fractal 
structures, which are sometimes called a space-filling curve. 
The (k+1)
th
 level structure contains 2
k
 lines, with midpoint of 
each perpendicularly connected to the ends of the k
th
 level 
lines, as can be seen in Fig. 13. The fractal pattern is 
generated by a master line, or the first level of the structure. 
The multiband functionality and subwavelength effect are the 
two most important features of this H-shaped fractal. The 
subwavelength property allows the total size of the system to 
be much smaller than the wavelength along all directions at 
resonance, which indicates that the structures can act as a 
very compact reflector. 
   This metamaterial with H-shaped cell resembles the FSS – 
Frequency Selective Surfaces structures. However its 
calculation is most straightforward. In Fig. 14 is shown the 
surface current distribution, then in Fig. 15 fractal structures 
printed on the septum in order to create a best resonance in 10 
GHz. In general, the initial cell dimensions are not easily 
obtained from complex analytical works such as contained in 
[9]. 
 
 
Fig. 13. Unitary fractal cells.  
 
 
 
Fig. 14. Surface Current distribution of an unitary fractal cell.  
 
 
Fig. 15. Fractal cells printed on the septum.  
 
   In Fig. 16 is shown the return loss response of the septum 
with fractal cells printed on, measured by the HP 8714ET 
Network Analyzer. It can be easily observed the presence of 
new resonance peaks in lower frequencies despite the original 
design was done for 10 GHz, satisfying the target of this 
study. 
 
 
Fig. 16. Experimental S11-parameter comparison between septum with and 
without fractal structures.  
IV. CONCLUSIONS 
   In this work different metamaterial patterns were shown to 
modify the GTEM chamber performance in a desired 
frequency.  However, this methodology can be applied to the 
others pre-compliance setup tests as TEM cells, workbench 
Faraday cage and stirring chambers. 
      The main purpose of this work was investigating in a 
pioneer, preliminary and exploratory way the behavior of a 
GTEM when the septum is modified by periodic structures. 
Besides that, this work also showed design guidelines for 
hand calculation of those size cells. With this technology, the 
conventional compliance structures can be improved 
depending on the frequency range of interest. 
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